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Objective measurement of tummy time in infants (0-6 months): A
validation study
Abstract

The 2017 Australian and Canadian 24-hour movement guidelines recommend infants receive 30 minutes of
tummy time daily. Currently, there are no validated objective measurement tools or devices to assess tummy
time. The purpose of this study was to: 1) test the practicality of using devices on infants as an objective
measure of tummy time, and 2) test the accuracy of developed algorithms and cut-points for predicting prone
posture. Thirty-two healthy infants aged 4 to 25 weeks completed a protocol of 12 positions. Infants were
placed in each position for 3 minutes while wearing a MonBaby (chest), GENEActiv (right hip) and two
ActiGraphs (right hip and ankle). Direct observation was the criterion measure. The accuracy of the
algorithms or cut-points to predict prone on floor, non-prone and prone supported positions were analyzed.
Parents also completed a practicality questionnaire. Algorithms and cut-points to classify posture using
devices from MonBaby, GENEActiv and ActiGraph (hip and ankle) were 79%, 95%, 90% and 88% accurate at
defining tummy time and 100%, 98%, 100% and 96% accurate at defining non-prone positions, respectively.
GENEActiv had the smallest mean difference and limits of agreement (-8.4s, limits of agreement [LoA]: -78.2
to 61.3s) for the prone on floor positions and ActiGraph Hip had the smallest mean difference and LoA for
the non-prone positions (-0.2s, LoA: -1.2 to 0.9s). The majority of parents agreed all devices were practical
and feasible to use with MonBaby being the preferred device. The evaluated algorithms and cut-points for
GENEActiv and ActiGraph (hip) are of acceptable accuracy to objectively measure tummy time (time spent
prone on floor). Accurate measurement of infant positioning practices will be important in the observation of
24-hour movement guidelines in the early years.
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Abstract
The 2017 Australian and Canadian 24-hour movement guidelines recommend infants
receive 30 minutes of tummy time daily. Currently, there are no validated objective measurement tools or devices to assess tummy time. The purpose of this study was to: 1) test the
practicality of using devices on infants as an objective measure of tummy time, and 2) test
the accuracy of developed algorithms and cut-points for predicting prone posture. Thirty-two
healthy infants aged 4 to 25 weeks completed a protocol of 12 positions. Infants were placed
in each position for 3 minutes while wearing a MonBaby (chest), GENEActiv (right hip) and
two ActiGraphs (right hip and ankle). Direct observation was the criterion measure. The
accuracy of the algorithms or cut-points to predict prone on floor, non-prone and prone supported positions were analyzed. Parents also completed a practicality questionnaire. Algorithms and cut-points to classify posture using devices from MonBaby, GENEActiv and
ActiGraph (hip and ankle) were 79%, 95%, 90% and 88% accurate at defining tummy time
and 100%, 98%, 100% and 96% accurate at defining non-prone positions, respectively.
GENEActiv had the smallest mean difference and limits of agreement (-8.4s, limits of agreement [LoA]: -78.2 to 61.3s) for the prone on floor positions and ActiGraph Hip had the smallest mean difference and LoA for the non-prone positions (-0.2s, LoA: -1.2 to 0.9s). The
majority of parents agreed all devices were practical and feasible to use with MonBaby
being the preferred device. The evaluated algorithms and cut-points for GENEActiv and
ActiGraph (hip) are of acceptable accuracy to objectively measure tummy time (time spent
prone on floor). Accurate measurement of infant positioning practices will be important in
the observation of 24-hour movement guidelines in the early years.

Introduction
The Australian and Canadian 24-Hour Movement Guidelines for the Early Years (Birth to 5
years) recommend infants (Birth to one year) participate in supervised, interactive floor-based
play in safe environments [1, 2]. Tummy time, defined as awake time in the prone position [3]
is advantageous for motor development [4]. Thirty minutes of tummy time, spread throughout
the day whilst the infant is awake and supervised is encouraged [5]. In addition, a lack of
tummy time is one of the most commonly reported risk factors for the development of
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deformational plagiocephaly [6]. Despite this, evidence remains inconsistent, with some studies reporting a significant positive effect of tummy time on plagiocephaly and others reporting
no effect [7–12].
Current research investigating tummy time has used retrospective parent questionnaires
[13–16] or diaries to record infant positioning over a specified period of time [17]. These studies do not report the validity of the questionnaires used and are based on parent recall. The
parents’ accuracy for estimating the time an infant spends in different activities is unclear [18]
and may result in a bias towards over-reporting tummy time [19]. To enable an objective measure of the amount of tummy time an infant engages in requires the development and validation of measurement devices that can calculate real-time infant positioning [20].
A number of commercial devices are currently available that have the capacity to measure
infant body posture. MonBaby is a digital baby monitor that uses a wireless connection via
Bluetooth Low Energy (BLE) to an iPhone or Android phone (MonDevices Inc, New York,
NY, USA). MonBaby has been originally designed to function as a “Smart Breathing Movement Monitor for Babies” (www.monbaby.com). It consists of a device (“Smart button”),
which sends information about the baby’s breathing movement, body position (supine or
prone), fall detection, proximity to the phone, battery life and connection status to a MonBaby
app that has been installed on an iPhone or Android phone. The ActiGraph and GENEActiv
devices are tri-axial accelerometry-based activity monitors (ActiGraph LLC, Pensacola, FL,
USA; Activinsights Ltd, Cambridgeshire, UK). They have been successfully used in studies to
assess physical activity in ambulating children [21, 22]. Whilst these devices have the capacity
to measure body posture or movement, they have not been validated to measure posture in the
infant population. It is also unclear where to best place a device on an infant’s body to enable
this type of measurement to occur [23]. Therefore, the purpose of this study was to: 1) test the
practicality of using devices on infants as an objective measure of tummy time, and 2) test the
accuracy of the manufacturer’s (MonDevices Inc, ActiGraph LLC and Activinsights Ltd) algorithm or cut-points for predicting posture.

Materials and methods
Participants
A convenience sample of 32 infants aged from 4 to 25 weeks (male, N = 19) were recruited
from the Illawarra region of New South Wales, Australia. Most infants were recruited from
their Early Childhood Nurse or from advertisements within the University of Wollongong.
The study was approved by the University of Wollongong and Illawarra Shoalhaven Local
Health District Health and Medical Human Research Ethics Committee (HE16/167). Written
informed consent was obtained by the infant’s parent prior to commencement of the study.

Procedures
The parent brought the infant to the University of Wollongong between September 2016 and
November 2017. Weight and recumbent length were measured to the nearest 0.01 kg and 0.5
cm respectively using the Seca 334 electronic baby scale plus Seca 232 measuring rod [24].
Four devices were placed onto the infant. An ActiGraph and GENEActiv were placed on the
right hip (secured with an elastic strap around the waist), an ActiGraph was placed on their
right ankle (secured with an elastic strap around the ankle) and a MonBaby was secured to
the clothing in the middle of the infant’s chest (Fig 1). All monitors were worn continuously
during testing (approximately 1 hour). Times (video and four devices) were synchronized
immediately before testing. Placement of the monitors on the hip and chest were chosen
based on the respective manufacturer’s recommendation. An additional ActiGraph was
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Fig 1. Device placement on infants. 14-week-old female wearing four devices as indicated. The parent of the individual in this manuscript has given
written informed consent (as outlined in PLOS consent form) to publish these case details.
https://doi.org/10.1371/journal.pone.0210977.g001

placed on the ankle because it is one of the most common monitoring sites in infant sleep
studies [25]. Activity trials were conducted firstly on a doll, then on randomly selected
infants to assist with selecting the appropriate threshold for each axis or developing an algorithm to deduce position.
The participants were placed in 12 positions by their parent: 1. prone on floor attempt one
and 2. prone on floor attempt two (categorized as prone on floor positions); 3. supine, 4. left
sidelying, 5. right sidelying, 6. cradle hold, 7. reclined in a car seat, 8. being held upright against
the parent’s shoulder whilst the parent is standing, 9. supported sitting on the lap of the parent,
and 10. reclined in a pram (categorized as non-prone positions); 11. being held whilst the
infant is on their tummy (carer standing or sitting) and 12. prone but lying on the parent’s
chest who was reclined on a bean bag (categorized as prone supported positions) (S1 File). The
infants were placed in each position by their parent for approximately 3 minutes each. The
entire session was video recorded and the position of the baby was noted for each second.
Parents also completed a 25-item questionnaire to understand their perceptions of the practicality of their infant wearing each device at home (S2 File).

Devices
The ActiGraph and GENEActiv devices are tri-axial accelerometry-based activity monitors
(ActiGraph LLC, Pensacola, FL, USA; Activinsights Ltd, Cambridgeshire, UK). They were initialized with a sampling frequency of 30 Hz and set with on and off times to record the data.
The ActiGraph accelerometers (hip and ankle) were orientated (baby supine) with the x-axis
pointing vertically forwards (front to back), y-axis horizontally (head to feet) and z-axis horizontally (hip to hip). The MonBaby is composed of a circuit board, which incorporates a
precision 14-bit, tri-axial accelerometer sensor chip that communicates with the BLE microprocessor chip (MonDevices Inc, New York, NY, USA). MonBaby has a sample frequency of
6.25 Hz and begins to record immediately once it is configured (i.e. put flat on a table so the
device is aware when it is face up or upside-down). MonBaby is orientated (baby supine) with
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the x-axis pointing horizontally (side to side), y-axis vertically (head to feet) and the z-axis facing forwards (front to back).
After each session, the individual GENEActiv data were uploaded and the raw .bin files
converted to 1s epoch .csv files using GENEActiv PC software (version 2.2). The 1s epoch files
from the GENEActiv device were imported into custom-built spreadsheets in Excel that computed the most likely position (classified as prone, non-prone or prone supported) using an
algorithm developed by Activinsights Ltd. This algorithm was formed by classifying each position from a scatter plot with rotation (360 degree angle) on the x-axis and elevation (up/down
angle) on the y-axis (S3 File). The GENEActiv accelerometer was oriented (baby supine) with
the x-axis horizontally to the right (side to side), y-axis pointing towards the feet (head to feet),
and z-axis facing forward (front to back). In addition, as the movement was low, the signal
from the accelerometer is dominated by the Earth’s gravitational field, as such, the angles can
be calculated without a gyroscope [26].
Similarly, the ActiGraph data were uploaded and the raw .GTx file converted to 1s epoch .
csv file using ActiGraph PC software (version 6.12.1). A custom-built Excel macro designed by
ActiGraph then opened the .csv file and position (classified as prone, non-prone and prone
supported for ActiGraph Hip; prone and non-prone for ActiGraph Ankle) was determined.
This was achieved by using specified x and y axis cut-points for ActiGraph Hip (x axis >0.7g
and y axis >-0.1g for prone on floor; x axis >0.7g and y axis <-0.1g for prone supported) and
x and z axis cut-points for ActiGraph Ankle (x axis >0.35g and z axis >-0.45g for prone). Correction for gravity is done automatically upon downloading the data into the Macro for analysis, as such, a Gyroscope was not required.
For MonBaby, a custom-built dashboard was developed by MonDevices Inc. A Universal
Unique Identifier (UUID) was used by the dashboard to retrieve the data collected (timestamp,
x,y and z axis) by the MonBaby device from each testing session. Data were then downloaded
from the dashboard into a .csv file and then converted into an Excel file. For the non-prone
positions, a formula was copied into each row to determine the 360 degree angle calculated
from the x, y and z axis [= ACOS(E3/SQRT(C2� C2+D2� D2+E2� E2))� 180/PI() with the number representing the row on the Excel spreadsheet and C being the x axis, D the y axis, E the z
axis]. All 360-degree angles that were calculated as less than 134 degrees were classified as nonprone. Prone on floor and prone supported positions were determined by using a z axis cutpoint of <-0.10g. Downloading data from the MonBaby device required a manual entry of the
time period in question (yyyy/mm/dd hh:mm:ss to yyyy/mm/dd hh:mm:ss). When downloaded, the data is presented as 5 to 7 epochs per second (5–7 rows) rather than 1s per row on
the excel spreadsheet. As such, the percentage accuracy of the section downloaded was determined rather than second by second analysis.

Direct observation
The criterion measure was direct observation captured on a video recording of the whole session.
Infants were recorded completing each position in addition to transitioning between each position. A single observer coded each second of the video-recording using the definitions outlined
in supporting information 1 (S1 File). One randomly selected video was analyzed by four observers to test inter-observer reliability. Each second in the video was analyzed by each observer. Of
the 4251 seconds analyzed, 97.5% were recorded to be the same position for all 4 raters.

Statistical analyses
The position codes from direct observation served as the criterion measure for all four devices.
The percentage accuracy of the devices to measure prone on floor, non-prone and prone
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supported positions for the total time of the positioning protocol were analyzed. For ActiGraph (hip and ankle) and GENEActiv, this was done by calculating the number of seconds
recorded by each device in the 3 categories (prone on floor, non-prone and prone supported)
and comparing to the seconds recorded by direct observation in the same three categories.
Time spent (duration in seconds) in each category was evaluated for each device against direct
observation. For MonBaby, only the percentage accuracy of the section downloaded and comparing to the same section of time from direct observation was calculated. This was then converted into seconds to enable a comparison between the devices. Bland-Altman plots were
used to examine systematic bias in estimates of time spent in each category from each device
[27].

Results
Participant information is shown in Table 1. All participants (N = 32) completed the positioning protocol and had data available from each device to review for each category of position
except for MonBaby where there was no data downloaded from three prone on floor and three
prone supported categories due to connectivity issues. The complete duration of all 32 videos
was 98150 seconds. Infants were coded as: off screen (for example, mother took baby off screen
to breast feed, mother in front of infant on video thus blocking the view) for 8% of this time;
were coded as invalid position (for example, when the infants were not in one of the 12 defined
positions such as picking up off the floor, putting into the car seat/pram, supported standing
on the lap of the parent, infant being held whilst parent is moving into and out of the beanbag)
for 18% of this time; and coded as invalid device (for example, if the device required re-positioning on the infant) for <1% of the time. The total time able to be classified as one of the 12
positions (excluding when the infant was coded as off screen, invalid position or invalid
device) was 72050 seconds (11749 seconds in prone positions; 49123 seconds in non prone
positions and 11178 seconds in prone supported positions).
For the total time, the most accurate algorithms or cut-points were from GENEActiv for
the prone on floor positions (95.4%), and both the ActiGraph Hip (99.9%) and MonBaby
(99.9%) for the non-prone positions. MonBaby was the most accurate for the prone supported
positions (66.1%) (Fig 2 and Table 2), however, none of the algorithms had acceptable levels of
accuracy for this position.
The GENEActiv appeared to have some difficulty classifying right sidelying (Table 3) with
approximately 14% of right sidelying positions recorded as prone. Due to connectivity issues,
MonBaby had difficulty recording prone on floor and prone supported positions. The ActiGraph Ankle had difficulty with classifying being held upright with approximately 24% of
upright positions being classified as prone (Table 3).
Table 1. Participant characteristics.
Infants (N = 32)
Age (weeks)

15.20 ± 6.39, (4.71 to 24.86)

Boys (n)
Girls (n)

19 (59.4%)
13 (40.6%)

Recumbent length (cm)

61.01 ± 3.49, (52.0 to 68.0)

Weight (kg)

6.28 ± 1.25, (4.34 to 9.22kg)

Complex medical conditions

0

Participant characteristics presented as mean ± SD and range. The distribution of the sample is presented in numbers
(n) and percentages (%).
https://doi.org/10.1371/journal.pone.0210977.t001
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Fig 2. Time spent in prone on floor, non-prone and prone supported positions.
https://doi.org/10.1371/journal.pone.0210977.g002

Bland–Altman procedures (Fig 3) demonstrated underestimation for prone on floor, prone
supported and non-prone position categories. For prone on floor positions, GENEActiv had
the smallest mean difference (-8.4s) and limits of agreement than ActiGraph Hip (-18.3s),
ActiGraph Ankle (-22.1s) and MonBaby (-38.0s). Bland-Altman procedures for prone supported categories demonstrated the largest difference and limits of agreement for all devices.
For these prone supported positions, MonBaby had the smallest difference (-113.0s), compared with ActiGraph Hip (-127.3s), ActiGraph Ankle (-163.1s) and GENEActiv (-166.9s).
Bland-Altman procedures for non-prone categories demonstrated the smallest difference and
limits of agreement for all devices. For these non-prone positions, ActiGraph Hip had the
smallest difference (-0.2s) compared with MonBaby (-2.0s), GENEActiv (-31.2s) and ActiGraph Ankle (-56.6s). Table 4 shows the limits of agreement for each device’s algorithm or
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Table 2. Seconds recorded by the criterion measure and the four devices for the different categories of positions.
GENEActiv

Direct observation
(criterion measure)

ActiGraph Hip

#

ActiGraph Ankle
Prone
on
floor

MonBaby

Positions

Prone
on
floor

Non
Prone
prone supported

Prone
on
floor

Non
Prone
prone supported

Prone
on
floor

Non
Prone
prone supported

Prone
on
floor

Non
Prone
prone supported

Non
Prone
prone supported

Duration
(s)

11749

49123

11178

11209

48124

5836

10576

49118

7105

10333

47313

5959^

9302

49071

7387^

Accuracy
(%)

100

100

100

95.4

98

52.2

90

99.9

63.6

87.9

96.3

53.3

79.2

99.9

66.1^

Average
(s)

367

1535

349

350

1504

182

331

1535

222

323

1479

186

145

1533

115

SD (s)

98

227

66

105

232

100

112

227

108

103

245

120

95

227

84

Data presented as duration (s), accuracy (% accuracy compared to direct observation), average (s) ± SD (s) for all 32 babies. GENEActiv and ActiGraph Hip and Ankle
data presented as seconds measured by each device respectively.
MonBaby data presented as seconds which has been estimated from percentage accuracy of the section downloaded from the MonBaby device for each time period.

#

^MonBaby and ActiGraph ankle were unable to differentiate between prone supported and prone positions. As such, for these devices, held in prone and prone on the
parent’s chest positions (prone supported) are recorded as prone.
https://doi.org/10.1371/journal.pone.0210977.t002

cut-point when compared to direct observation. Additional Bland-Altman plots for prone supported and non-prone positions can be found in supporting information (S4 File).
Practicality questionnaire results are shown in Table 5. Most parents thought all devices did
not interfere with infant positioning (90.6%), the infant’s ability to move (91.4%), were not
uncomfortable (93.8%), required little effort to put the device on and off (82.8%), were not
difficult to attach (97.7%) and could be worn for more than 3 days (85.2%). Out of the four
devices, most parents (78.1%) rated the MonBaby device as the most preferable device for their
baby to wear. Approximately 38% and 34% of parents rated the ActiGraph Ankle and GENEActiv devices respectively as their second preference with 59% of parents rating ActiGraph
Hip as their fourth preference.

Table 3. Total seconds prone recorded by direct observation, GENEActiv, ActiGraph Hip and ActiGraph Ankle for each position (N = 32).
Direct observation (s)
(criterion measure)
Supine

GENEActiv
(s)

ActiGraph
Hip (s)

ActiGraph
Ankle (s)

0

0

1

19

5763

5668

5295

5126

0

267

0

388

Right sidelying

0

732

4

8

Cradle hold

0

0

0

9

Held in prone

5546

2932

2899

2256

Prone on parent’s chest

3703

Prone attempt 1
Left sidelying

5632

2904

4206

Car seat

0

0

0

0

Held upright

0

0

0

1325

Supported sitting

0

0

0

61

Prone attempt 2

5986

5541

5281

5207

0

0

0

0

Pram

Data presented in total seconds; N = 32; Held in prone and prone on parent’s chest positions are recorded as prone supported for GENEActiv and ActiGraph Hip and
prone for ActiGraph Ankle.
https://doi.org/10.1371/journal.pone.0210977.t003
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Fig 3. Bland-Altman plots of MonBaby, GENEActiv, ActiGraph Hip and ActiGraph Ankle for prone on floor positions. Graphs displays bias (full line), 95%
limits of agreement (dashed lines) and individual participants (diamond shape); #MonBaby seconds estimated from percentage accuracy of the section downloaded
for each individual participant.
https://doi.org/10.1371/journal.pone.0210977.g003

Discussion
This study investigated the accuracy of the manufacturer’s (MonDevices Inc, ActiGraph LLC
and Activinsights Ltd) algorithm or cut-points for predicting posture. The GENEActiv device
was the most accurate to determine prone on floor positions, followed by ActiGraph Hip.
All devices were able to accurately determine non-prone positions but not prone supported
positions.
The evaluated algorithms for GENEActiv and ActiGraph (hip) were able to accurately
record and calculate when an infant was positioned prone on the floor (>90% accuracy). All
algorithms were able to accurately record and calculate when an infant is placed in a nonTable 4. Values (LoA^) when compared to direct observation from Bland-Altman procedures.
Positions

Values (LoA^) as measured by each algorithm (s)
GENEActiv

ActiGraph Hip

ActiGraph Ankle

MonBaby

Prone on floor

-8.4(-78.2 to 61.3)

-18.3(-97.0 to 60.3)

-22.1(-124.0 to 79.7)

-38(-194.5 to 118.5)

Non-prone

-31.2(-154.9 to 92.4)

-0.2(-1.2 to 0.9)

-56.6(-209.5 to 96.3)

2.0(-14.0 to 10.8)

Prone supported

-166.9(-390.7 to 56.8)

-127.3(-324.7 to 70.2)

-163.1(-431.7 to 105.6)

-113(-355.6 to 129.6)

^limits of agreement
https://doi.org/10.1371/journal.pone.0210977.t004
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Table 5. Practicality questionnaire—Number of parents and percentage of agreement (N = 32).
The device:

MonBaby

GENEActiv

ActiGraph Hip

ActiGraph Ankle

Did not interfere with the positions my baby was placed in today

32
(100%)

29
(90.6%)

25
(78.1%)

30
(93.8%)

Did not interfere with my baby’s ability to move around freely

32
(100%)

30
(93.8%)

26
(81.3%)

29
(90.6%)

Was not uncomfortable for my baby to wear (including attaching and removing devices)

32
(100%)

30
(93.8%)

28
(87.5%)

30
(93.8%)

Did not require a lot of input to ensure the device was kept on correctly

26
(81.3)

28
(87.5%)

26
(81.3%)

27
(84.4%)

Was able to be attached by myself

31
(96.9%)

32
(100%)

31
(96.9%)

31
(96.9%)

Could be tolerated by my baby to wear (during the daytime) for at least 3 days

31
(96.9%)

26
(81.3%)

30
(93.8%)

28
(87.5%)

Practicality questionnaire results presented as number (n) and percentages (%)
Internal consistency as measured by Cronbach’s Alpha, α = 0.91
https://doi.org/10.1371/journal.pone.0210977.t005

prone position (such as supine on the floor, car seat, pram, and supported sitting) with greater
than 95% accuracy. To our knowledge, no previous studies have evaluated the validity of an
accelerometer or objective measurement tool to assess infant positioning practices and tummy
time. Although MonBaby was most preferred by parents, improvements in connectivity would
be required before recommending MonBaby for use in further studies. For prone position
detection, the cut-point for MonBaby was 100% accurate at identifying tummy time when
there was no connectivity issues, and 79% accurate when taking into account data loss. Data
connectivity issues resulted from mothers or babies blocking the signal of the device with their
bodies. For future studies investigating objective measurement tools for tummy time, MonBaby would require additional testing. Additionally, it is important to note that MonBaby has
been designed as a “Smart Breathing Movement Monitor for Babies” and not to measure
prone positioning (tummy time). As such, the results from this study do not necessarily reflect
the purpose for which it was originally designed.
The algorithms or cut-points had difficulty correctly classifying prone supported (GENEActiv, ActiGraph Hip) or prone (ActiGraph Ankle, MonBaby). Accuracy was less than 70%
for all devices. Further analysis and adjustments to the cut-points and algorithms could be
made to increase this accuracy level to a more acceptable standard. However, for future studies
where the outcome is to objectively measure the time an infant spends in tummy time when it
is defined as awake and supervised prone positioning on the floor, GENEActiv and ActiGraph
devices would be the most suitable to use.
This study also investigated the practicality of using devices on infants as an objective measure of tummy time. All devices were found to be practical and feasible to use by the parents.
This finding is similar to previous studies that have investigated the use of accelerometers to
measure physical activity levels in toddlers [28]. Most studies place the accelerometer on the
child’s ankle [28] or hip [23, 29]. However, in this study, as the participants were infants, the
positioning of the devices on the hip and ankle with a strap were not as amenable to parents as
MonBaby’s ‘smart button’ which attaches to the infant’s clothing in the middle of the infant’s
chest. Most parents (78.1%) preferred the MonBaby device as it was the least intrusive (was
thinner than the other devices), able to be left on for nappy changes, the least likely to move
out of position and able to be positioned on the infant’s clothes at the level of their chest without a strap. For all devices, a singlet plus a full ‘wondersuit’ (arms and legs included) or ‘onesie’
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are recommended to ensure correct device placement and to avoid redness on the chest, waist
and ankle (S5 File).
Extrapolations from the findings of this study need to take into consideration that the positioning protocol was laboratory-based which may not reflect the infant’s real world positions.
To account for this, parents were asked to place the infant in the different positions in an
attempt to keep positioning as realistic as possible. In addition, an analysis of the wear and
non-wear times is required before using one of these devices as an objective tummy time measure without requiring the parents to log or record these times. In addition, the placement of
GENEActiv and ActiGraph around the infant’s waist was not randomized. This could account
for GENEActiv recording right sidelying as prone for approximately 14% of the total time.
This may be due to its position being closer than ActiGraph to the midline of the infant’s body
(Fig 1). It is expected that if GENEActiv was relocated to the tested location of the ActiGraph
Hip, this percentage would be reduced.
Further research could include an investigation of the effect of infants being placed on the
floor versus being held in prone [30] and the infant’s ability in tummy time (rather than only
duration in tummy time) to infant health outcomes [31]. In addition, further investigation
into the application of the devices to assess non-prone positions particularly the amount of
time spent restrained would also be valuable, as this has been identified as a specific recommendation in the 24-hour Movement Guidelines. Rigorous assessment of potential variables
and objective outcome measures could be an effective way of ensuring a more consistent
method of assessing the impact of infant positioning in relation to the 24-hour movement
guidelines.

Conclusion
The algorithms evaluated in this study for GENEActiv and ActiGraph (hip) were of acceptable
accuracy to objectively measure the amount of time an infant spends in tummy time (when it
is defined as awake and supervised prone positioning on the floor). MonBaby was most preferred by parents due to its positioning on the chest and unobtrusive design. Improvements
would be required before recommending MonBaby for use in future studies. Future research
could be conducted to identify wear and non-wear times as well as identifying individual nonprone positions (for example, finding an algorithm to separate out being reclined in a pram,
supported sitting and supine). Accurate measurement of infant positioning practices will be
important to assist in the observance of 24-hour movement guidelines in the early years.
Practical implications.
• The algorithms evaluated in this study for GENEActiv and ActiGraph (hip) are of suitable
accuracy to objectively measure tummy time (awake and supervised prone positioning on
the floor) in infants
• MonBaby, GENEActiv and ActiGraph devices are practical and feasible to be used by
parents
• Most parents preferred the MonBaby “smart button”, chest position and unobtrusive design
• Potential over reporting of tummy time could occur from right sidelying (GENEActiv) and
being held upright (ActiGraph Ankle)
• Objective measures of tummy time and other infant positions may assist in the observance
of 24-hour movement guidelines in the early years.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210977 February 27, 2019

10 / 13

Objective measurement of tummy time in infants (0-6 months): A validation study

Supporting information
S1 File. Definitions of positions used to code video analysis.
(PDF)
S2 File. Practicality questionnaire.
(PDF)
S3 File. Algorithm for GENEActiv device to classify prone, non-prone and prone supported positions.
(PDF)
S4 File. Bland-Altman plots for non-prone and prone supported positions.
(PDF)
S5 File. Device parameters.
(PDF)

Acknowledgments
The authors would like to thank the participants of the study. They also thank Mr John Schneider from ActiGraph Corp, Mr Joss Langford from ActivInsights Inc and Dr Arturas Vaitaitis
from MonDevices Inc for their assistance with the development of their device specific algorithim and macro/dashboard for analysis. We also thank Ms Melissa Jenkins, Dr Jennifer
Cowie and Mr Michael Cowie for their assistance with the inter-rater reliability analysis.

Author Contributions
Conceptualization: Lyndel Hewitt, Rebecca M. Stanley, Anthony D. Okely.
Data curation: Lyndel Hewitt.
Formal analysis: Lyndel Hewitt.
Investigation: Lyndel Hewitt.
Methodology: Lyndel Hewitt, Rebecca M. Stanley, Dylan Cliff, Anthony D. Okely.
Project administration: Lyndel Hewitt.
Supervision: Rebecca M. Stanley, Dylan Cliff, Anthony D. Okely.
Validation: Dylan Cliff, Anthony D. Okely.
Writing – original draft: Lyndel Hewitt.
Writing – review & editing: Lyndel Hewitt, Rebecca M. Stanley, Dylan Cliff, Anthony D.
Okely.

References
1.

Hesketh KD, Downing KL, Campbell K, Crawford D, Salmon J, Hnatiuk JA. Proportion of infants meeting the Australian 24-hour Movement Guidelines for the Early Years: Data from the Melbourne InFANT
Program. BMC Public Health. 2017;17. https://doi.org/10.1186/s12889-017-4856-9 PMID: 29219073

2.

Tremblay MS, Chaput JP, Adamo KB, Aubert S, Barnes JD, Choquette L, et al.—Canadian 24-Hour
Movement Guidelines for the Early Years (0–4 years): An Integration of Physical Activity, Sedentary
Behaviour, and Sleep T2—BMC Public Health.

3.

Hewitt L, Benjamin-Neelon SE, Carson V, Stanley RM, Janssen I, Okely AD. Child care centre adherence to infant physical activity and screen time recommendations in Australia, Canada and the United

PLOS ONE | https://doi.org/10.1371/journal.pone.0210977 February 27, 2019

11 / 13

Objective measurement of tummy time in infants (0-6 months): A validation study

States: An observational study. Infant Behavior and Development. 2018; 50:88–97. https://doi.org/10.
1016/j.infbeh.2017.11.008 PMID: 29223777
4.

Carson V, Lee EY, Hewitt L, Jennings C, Hunter S, Kuzik N, et al. Systematic review of the relationships
between physical activity and health indicators in the early years (0–4 years). BMC Public Health.
2017;17. https://doi.org/10.1186/s12889-017-4860-0 PMID: 29219090

5.

Australian 24-Hour Movement Guidelines for the Early Years (Birth to 5 years): An Integration of Physical Activity, Sedentary Behaviour, and Sleep 2017.www.health.gov.au.

6.

De Bock F, Braun V, Renz-Polster H. Deformational plagiocephaly in normal infants: A systematic
review of causes and hypotheses. Archives of Disease in Childhood. 2017; 102(6):535–42. https://doi.
org/10.1136/archdischild-2016-312018 PMID: 28104626

7.

Rogers GF. Deformational plagiocephaly, brachycephaly, and scaphocephaly. Part I: Terminology,
diagnosis, and etiopathogenesis. Journal of Craniofacial Surgery. 2011; 22(1):9–16. https://doi.org/10.
1097/SCS.0b013e3181f6c313 PMID: 21187783

8.

Hutchison BL, Hutchison LAD, Thompson JMD, Mitchell EA. Plagiocephaly and brachycephaly in the
first two years of life: A prospective cohort study. Pediatrics. 2004; 114(4):970–80. https://doi.org/10.
1542/peds.2003-0668-F PMID: 15466093

9.

Hutchison BL, Stewart AW, Mitchell EA. Characteristics, head shape measurements and developmental delay in 287 consecutive infants attending a plagiocephaly clinic. Acta Paediatrica, International
Journal of Paediatrics. 2009; 98(9):1494–9. https://doi.org/10.1111/j.1651-2227.2009.01356.x PMID:
19548915

10.

Van Vlimmeren LA, Van Der Graaf Y, Boere-Boonekamp MM, L’Hoir MP, Helders PJM, Engelbert
RHH. Risk factors for deformational plagiocephaly at birth and at 7 weeks of age: A prospective
cohort study. Pediatrics. 2007; 119(2):e408–e18. https://doi.org/10.1542/peds.2006-2012 PMID:
17272603

11.

Glasgow TS, Siddiqi F, Hoff C, Young PC. Deformational plagiocephaly: Development of an objective
measure and determination of its prevalence in primary care. Journal of Craniofacial Surgery. 2007; 18
(1):85–92. https://doi.org/10.1097/01.scs.0000244919.69264.bf PMID: 17251842

12.

Habal MB, Castelano C, Hemkes N, Scheuerle J, Guilford AM. In search of causative factors of deformational plagiocephaly. The Journal of craniofacial surgery. 2004; 15(5):835–41. PMID: 15346027

13.

Dudek-Shriber L, Zelazny S. The effects of prone positioning on the quality and acquisition of developmental milestones in four-month-old infants. Pediatric Physical Therapy. 2007; 19(1):48–55 8p. https://
doi.org/10.1097/01.pep.0000234963.72945.b1 PMID: 17304097. Language: English. Entry Date:
20070525. Revision Date: 20150711. Publication Type: Journal Article.

14.

Monson RM, Deitz J, Kartin D. The relationship between awake positioning and motor performance
among infants who slept supine. Pediatric Physical Therapy. 2003; 15(4):196–203 8p. Language:
English. Entry Date: 20040402. Revision Date: 20150820. Publication Type: Journal Article. https://doi.
org/10.1097/01.PEP.0000096380.15342.51 PMID: 17057455

15.

Russell DC, Kriel H, Joubert G, Goosen Y. Prone positioning and motor development in the first 6
weeks of life. South African Journal of Occupational Therapy. 2009; 39(1):11–4 4p. Language: English.
Entry Date: 20090904. Revision Date: 20150818. Publication Type: Journal Article.

16.

Salls JS, Silverman LN, Gatty CM. The relationship of infant sleep and play positioning to motor milestone achievement. American Journal of Occupational Therapy. 2002; 56(5):577–804p. Language:
English. Entry Date: 20030718. Revision Date: 20150819. Publication Type: Journal Article. PMID:
12269513

17.

Majnemer A, Barr RG. Influence of supine sleep positioning on early motor milestone acquisition. Developmental Medicine and Child Neurology. 2005; 47(6):370–6. https://doi.org/10.1017/
S0012162205000733 PMID: 15934485

18.

Hesketh KD, Crawford DA, Abbott G, Campbell KJ, Salmon J. Prevalence and stability of active play,
restricted movement and television viewing in infants. Early Child Development and Care. 2015; 185
(6):883–94. https://doi.org/10.1080/03004430.2014.963066

19.

Colley RC, Wong SL, Garriguet D, Janssen I, Gorber SC, Tremblay MS. Physical activity, sedentary
behaviour and sleep in Canadian children: Parentreport versus direct measures and relative associations with health risk. Health Reports. 2012; 23(2):1–9.

20.

Hewitt L, Stanley RM, Okely AD. Correlates of tummy time in infants aged 0–12 months old: A systematic review. Infant Behavior and Development. 2017; 49:310–21. https://doi.org/10.1016/j.infbeh.2017.
10.001 PMID: 29096238

21.

Trost SG, Fees BS, Haar SJ, Murray AD, Crowe LK. Identification and Validity of Accelerometer CutPoints for Toddlers. Obesity. 2011; 20(11):2317–9. https://doi.org/10.1038/oby.2011.364 PMID:
22173573

PLOS ONE | https://doi.org/10.1371/journal.pone.0210977 February 27, 2019

12 / 13

Objective measurement of tummy time in infants (0-6 months): A validation study

22.

Rowlands AV, Rennie K, Kozarski R, Stanley RM, Eston RG, Parfitt GC, et al. Children’s physical activity assessed with wrist- and hip-worn accelerometers. Medicine and Science in Sports and Exercise.
2014; 46(12):2308–16. https://doi.org/10.1249/MSS.0000000000000365 PMID: 24781890

23.

Cliff DP, Reilly JJ, Okely AD. Methodological considerations in using accelerometers to assess habitual
physical activity in children aged 0–5 years. Journal of Science and Medicine in Sport. 2009; 12(5):557–
67. https://doi.org/10.1016/j.jsams.2008.10.008 PMID: 19147404

24.

Seca group. Medical Scales and Measuring Systems. www.seca.com.

25.

Meltzer LJ, Montgomery-Downs HE, Insana SP, Walsh CM. Use of actigraphy for assessment in pediatric sleep research. Sleep Medicine Reviews. 2012; 16(5):463–75. https://doi.org/10.1016/j.smrv.2011.
10.002. PMID: 22424706

26.

Rowlands AV, Yates T, Olds TS, Davies M, Khunti K, Edwardson CL. Sedentary sphere: Wrist-worn
accelerometer-brand independent posture classification. Medicine and Science in Sports and Exercise.
2016; 48(4):748–54. https://doi.org/10.1249/MSS.0000000000000813 PMID: 26559451

27.

Janssen X, Cliff DP. Issues related to measuring and interpreting objectively measured sedentary
behavior data. Measurement in Physical Education and Exercise Science. 2015; 19(3):116–24.

28.

Hager ER, Gormley CE, Latta LW, Treuth MS, Caulfield LE, Black MM. Toddler physical activity study:
Laboratory and community studies to evaluate accelerometer validity and correlates. BMC Public
Health. 2016; 16(1). https://doi.org/10.1186/s12889-016-3569-9 PMID: 27600404

29.

Van Cauwenberghe E, Gubbels J, De Bourdeaudhuij I, Cardon G. Feasibility and validity of accelerometer measurements to assess physical activity in toddlers. International Journal of Behavioral Nutrition
and Physical Activity. 2011;8.

30.

Gross RS, Mendelsohn AL, Yin HS, Tomopoulos S, Gross MB, Scheinmann R, et al. Randomized controlled trial of an early child obesity prevention intervention: Impacts on infant tummy time. Obesity.
2017; 25(5):920–7. https://doi.org/10.1002/oby.21779 PMID: 28332324

31.

Clark JE. Pentimento: A 21st century view on the canvas of motor development. Kinesiology Review.
2017; 6(3):232–9. https://doi.org/10.1123/kr.2017-0020

PLOS ONE | https://doi.org/10.1371/journal.pone.0210977 February 27, 2019

13 / 13

